Abstract-High-temperature-superconducting (HTS) cables are being considered for use in particle accelerator beam steering magnets. Knowledge of the magnetic properties of these HTS cables is needed for accelerator magnet design. Here, we present the results from a Hall probe magnetometer made for measuring the M-µ 0 H of short sections of superconducting cables in applied magnetic fields up to 12 T. The M-µ 0 H of a CORC cable was measured with field sweeps of ± 4.5 T and also a −2-to 8-T loop. Relevant to a particle accelerator with an injection field of 1 T, the magnetization M in j of the CORC cable was 900 kA/m and the penetration field B p 1 T. The magnetization and penetration field of the cables are compared to tape from which the cables were wound, and the results are compared to NbTi and Nb 3 Sn conductors.
I. INTRODUCTION

H
IGH temperature superconducting (HTS) materials are increasingly of interest for particle accelerator research projects, in particular for the windings of high field insert magnets. They have now the high currents at high magnetic fields required for serious engineering designs. There are various issues to be considered in terms of their use. One of them is the field quality of the insert magnets, which may have larger error fields because of the larger magnetization of HTS conductors. Field errors can lead to a spread in the size of the particle beam, a spread in its trajectory, or both.
Magnetic field quality is often quantified in terms of the higher-order harmonics of the field. The magnitudes of the higher-order harmonics increase with increased magnetization of the cables and windings of the magnet. There are both dynamic magnetization, M coup , contributions, produced by interstrand coupling currents (ISCCs) [1] - [3] ; as well as magnetization resulting from persistent currents [1] , [4] , in fact due to hysteretic magnetization. These magnetizations cause bore field distortions expressible in terms of normal and skew harmonics represented by b n and a n , respectively (2n is the pole number). Of these, the sextupole harmonic, b 3 , is often taken as an index of field quality. For LHC NbTi dipoles <b 3 > AV is about −3 units. But b 3 is an order of magnitude larger in Nb 3 Sn magnets and is predicted to be up to two orders larger in YBCO magnets [5] , depending on conductor type, orientation, and magnet design. For YBCO, striation into filaments can reduce magnetization, but not for all cable types. Field errors in the magnets can be computed by finite-element codes such as ROXIE [6] , [7] and OPERA-2D [8] , [9] , but magnetization values are required as inputs to the codes. Most of the data available for use is magnetization from individual tapes, rather than the cables they are wound into, and using this data can lead to computational errors. First, the saturation magnetization of cables is different from that of a volume-equivalent set of tapes. Possibly more important at injection fields is the fact that the penetration fields of cables are very different from individual tapes, leading to very different levels of magnetization (at injection field) for cables vs tapes, either on the first initial branch of the field cycle, or after a given excitation or pre-injection cycle.
Measurements of M-μ 0 H for individual YBCO tape segments are commonly available because these measurements can be made in a commercial SQUID or PPMS. Measurements of the magnetic properties of cables are less common, because the larger sample size precludes the use of such commercial devices. A number of measurements of the AC loss of cables at lower fields (and typically high frequencies) have been made at liquid nitrogen temperatures for power applications. However, few measurements of M-μ 0 H for YBCO cables at 4 K and high fields are available. Here we present measurements from a Hall probe system made to measure the magnetization of short sections of YBCO cable with lengths up to 4-5 cm. A 12 T liquid cryogen free magnet is used to apply the field, and a Hall probe measurement approach is used. In this method the samples were placed in close proximity to a hall sensor mounted on the end of a sample probe, and a calibrated difference signal (sample -no sample) is calculated to give the magnetization. We performed measurements on a (CORC) cable in fields perpendicular to the cable axis at 4.2 K, using two different field cycles. The first cycle was bipolar, with a field amplitude of 4.5 T, and the second was also bipolar, but asymmetric, with field maximums of −2 T and 8 T. We chose the CORC cable because it is under serious consideration for accelerator magnet applications, as well as the fact that its magnetization properties are the most difficult 1051-8223 © 2019 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission.
See http://www.ieee.org/publications standards/publications/rights/index.html for more information. [10] to project from tape measurements. We also chose it because it was the cable used for the first model HTS dipole insert magnets of the canted cosθ design, a part of the USMDP (US Magnet Development Program).
II. EXPERIMENTAL
A. Samples
CORC Sample: A section was cut from a length of CORC cable for magnetic measurements in OSU's Hall probe magnetometer system. The cable segment, provided by LBNL, was 2.7 cm in length and had a diameter of 3.09 mm. This means that the sample length was about 4.4 twist pitches long. In general it is preferred to have about 10 pitches or more, our present rig can measure samples up to 5 cm long. The deviations for our case of 4.4 pitches from an infinitely long sample should not be great, but will be explore in the future using this present system was well as our dipole system (another measurement system not discussed here). The Berkeley tape ID was 160823-Berkeley 250-C [10] . The average tape I c was 69.5 A at 77 K, self-field. The cable had 16 tapes and the cable I c was 4 kA at 4 K, self-field; the cable was used for the canted cosθ dipole COa. Table I gives the sample specifications [10] .
B. The 12 T Magnetometer
The measurements were performed in our Hall probe magnetometer system. The Hall probe technique for M-μ 0 H measurements is well known [11] , [12] . Our system uses a varitemp dewar with its tail inserted into a room temperature bore of a 12 T liquid cryogen free solenoid magnet. In this work we focused on 4.2 K measurements because this is the planned temperature of operation for HTS insert magnets at present. The CORC sample was mounted on a flat sample holder, directly below an unpackaged Hall sensor. The sample was within 1 mm of the active surface of the sensor, and the sample was mounted in a way that kept that distance fixed for all mounted measurement and calibration samples. The samples were secured to the holder using GE varnish and Kapton tape. The sample was submerged in liquid helium and the temperature was monitored by a Cernox sensor located on the sample holder, approximately 1 cm above the sample, as shown in Figure 1 .
Small amounts of ferromagnetic material within the magnet structure generate a small but detectible background magnetic field in the magnet. Therefore, several M-μ 0 H measurements were performed without the presence of a sample to get a quantitative measure of the background field as a function of applied field and applied field history. Such background measurements allow us to subtract any background coming from the sample holder or the magnet structure from M-μ 0 H measurements performed with a sample. These "no sample" background readings were used to correct subsequent M-μ 0 H and decay measurements. The background was found to be slightly hysteretic, such that the shielding branches and trapping branches had to be fit separately.
C. Ni-Substitution Calibration
The system was calibrated in two ways, the first was based on a replacement technique. The idea is that the sample acts as a moment source (e.g., a dipole) with the field generated at the sample proportional to the size of the total moment, and inversely proportional to the distance (squared) from the Hall probe to the sample [12] . In our case, because of the proximity of the sample and relative sizes, we need to add a sensitivity weighting function which accounts for the sensitivity (response) of the Hall probe to moment contributions as a function of x,y, and z within the sample zone.
In the first calibration sequence, 99.5% pure Ni sheets of 0.5 mm, 1.0 mm, and 2.0 mm thickness were used to calibrate the M-μ 0 H data from the measurements. The sheets were all 1 cm wide, and 3 cm long. Stacks of Ni sheets were formed and held together using GE varnish as the adhesive to form test samples. The samples so formed allowed us to measure the M-μ 0 H as a function of thickness. Nickel thicknesses of 0.5, 1.0, 1.5, 2, 2.5, 3, and 3.5 mm were used. By comparing the measured field difference between the sample and no sample cases, B z , to the theoretical moment of the Ni (M sat = 0.64T = 0.64/(4 * 3.14 * 10 −7 ) A/m = 509554 A/m = 509.5 kA/m = 509.5 emu/cm 3 ) we were able to determine a constant that converted the B z to m. However, given that the active area of the sensor is much smaller than the width and length of the sample, either a sample of an identical width and length must be used, or a sensitivity factor, γ, must be used. We can then define
A linear fit to the theoretical moment, but now in emu vs B z data mentioned above gives the product 1/C'γ = C/γ = 4931.6 emu/T as shown in Figure 2 . Figure 2 shows the linearity of B z with m, and since the Ni samples all had the same length and width, corresponds to samples extended further into the zdirection. The value for C' of course depends on distance from the sample to the sensor, which we chose to keep constant. Here γ is a dimensionless number between 0 and 1 representing the sensitivity function, related to the fraction of the sample which is covered by the Hall probe active area. Because in this case our sample was not a direct shape replacement for the Ni calibration samples, we needed to determine the shape factor. This was done using a flux exclusion calibration.
D. Flux Exclusion Calibration
The Meissner effect in superconductors results in full magnetic flux exclusion from the interior of a superconductor as long as the applied magnetic field is lower than the flux penetration field. Therefore, M = −H applied and the susceptibility =−1. Demagnetization effects can shift the local peak applied field values away from the far-field applied field values. For a round cylinder in a perpendicular applied field, such as the CORC cable used here, the demagnetizing factor is 0.5, resulting in M = −2H a until the applied magnetic field reaches the flux penetration field. This fact can be used to scale the M-μ 0 H results, and in conjunction with the Ni calibration, extract the value of the sensitivity function for the given sample shape. If we assume full flux exclusion from the CORC cable during the initial ramp up of the applied magnetic field, the slope of the M-μ 0 H curve should be −2. Doing this, we find γ Nitape /γ CORC = 0.1, or γ CORC = 10 γ Nitape -that is, the sensitivity factor is 10 X greater in the region where the CORC sample lies than that integrated over the region of the Ni calibration sample. This makes sense, given the active area of the Hall probe. The data below for CORC magnetization and decay are plotted using this calibration.
III. RESULTS
A. CORC Magnetization
We proceeded to measure the M-μ 0 H of the CORC cable sample at 4.2 K with a maximum applied field sweep of ± 4.5 T, Figure 3 . Here the magnetic moment is normalized by the total cable volume. If we wished to know the magnetization per unit volume of strand, we would multiply by 2.86 (see Table I , total volume of cable/total volume of tape = 2.86). A second measurement is shown in Figure 4 , in this case the M-μ 0 H is asymmetric, with the measurement starting (ZFC) at B = 0, then going to a maximum field of 8 T, followed by a ramp to -2 T and finally a rise back to 8 T. Figures 3 and 4 show that B p = 1 T with a corresponding magnetization at full flux penetration, M p , of 900 kA/m. Assuming a typical injection field of 1 T, M p could be identified as M inj . These results are of interest in that it seems that M inj could be easily modified by suitable selection of the pre-injection cycle. This will be explored in future work.
We can compare the magnetization of this cable to the magnetization expected by well-known rules for its constituent tapes. The measured I c of the cable at 4.2 K is 4.1 kA (somewhat below short sample expectation [10] ). Using Graph A1 of Ref [10] , we estimate that the tape at 4 K, SF, I c = 690A per tape (0.04 mm thick, 2 mm wide, gives J e = 690/0.08 mm 2 = 7666 A/mm 2 = 7.66 × 10 9 A/m 2 ). Then M = J c a/2 = J c w/4 = 7.66 x 10 9 A/m 2 * 0.5 * 10 −3 m = 3833kA/m. Here we should apply a factor to account for the twist of the strand in the helical shape, which is 2/π for large pitch values, leading to a twist corrected value for the CORC of 2440 kA/m. This should be compared to the magnetization of the CORC cable at zero field ( 1000 kA/m) but normalized by the strand, rather than the cable volume. We can see from Table I that this increases M by a factor of 2.86, leading to 2860 kA/m. Thus the prediction of the magnetization of a CORC cable from its underlying tape is 15% in error, a value not too large given the approximations and assumptions made. Nevertheless, it is useful to have the more accurate direct measurements. We can also see that the penetration field of the CORC cable is about 1 T. For the individual tapes, B p = (μ 0 J c t/)[(Ln(w/t) + 1] ∼ = 120 mT, a value roughly 10 X smaller than that of the cable. This value of B p is in fact very important, since it determines the penetration state of the cable at injection. If B inj is less than B p , the effect of modifications of pre-injection cycle on M inj will be strong.
The magnetization results from this work have not yet been put into field error calculations for magnets. The results for field error will be dependent on the details of the magnet, including not only its basic form, for example cosθ dipole, block dipole, or canted cosθ dipole, but also the details of the design and the value of field expected (assuming it is an insert). Nevertheless, it is useful to consider the result of simply "replacing" a NbTi or Nb 3 Sn winding with an HTS cable. Taking the LHC as a reference, we note that the numerous measurements of b 3 which have been made on LHC "prototype" and "pre-series" dipoles [1] , [13] - [17] have yielded values ranging from −12 to +12, −6 to +6. If we take, for example, b 3 = 3, we can associate this with the shielding magnetization of an LHC-inner NbTi cable at 1.9 K, 0.54 T, viz. M h,cable,1.9K ,0.54T = 10.3 kA/m [18] . Nb 3 Sn strands have an effective filament diameter (and thus magnetization) nearly 10 X that of NbTi, and thus a b 3 that can reach nearly 10 X higher as well (depending on magnet design) -in the neighborhood of 30-40 units. For this HTS cable, M inj ∼ = 900kA/m, suggesting b 3 values around 300 units for a direct replacement (the current density at collision is roughly similar for these cables at their point of operation, so no correction is added for that). This is a very simple and rough estimate, and assumes no changes in the magnet to minimize these effects. However, it is a useful starting point when considering the application of HTS cable in dipole-insert design.
IV. CONCLUSION
The M-μ 0 H of a CORC cable has been measured using a Hall probe magnetometer at 4.2 K, with field sweeps of ± 4.5 T and also a −2 T to 8 T loop. The penetration field, B p , of the CORC cable was 1 T corresponding to a penetration field magnetization, M p , of 900 kA/m. This is of interest, as this is approximately the injection field expected for future high field accelerators. Assuming this injection field, if this cable were to be used as a direct drop-in replacement for a NbTi LHC magnet (with M inj,N bT i = 10.3 kA/m, b 3 ∼ 3 units) its b 3 would be close to 300 units. Of course, used as an insert, the HTS contribution to the total magnet b 3 would be proportionately smaller.
